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Abstract
Standard model of electropration (EP) has long emphasized a single pore lifetime to explain post-pulse
transport across cell membranes. However, pore lifetimes estimated from molecular dynamics (MD) mod-
els and and those measured from experimental data differ by several orders of magnitude. We hypothe-
size that a broad distribution of lifetimes may describe the post-pulse behavior. Here, we show that pore
distribution, number and size of pores, show interesting behavior in different ranges of pore lifetimes. In-
terestingly, for large electric fields (> 1 kV/cm) and short pore lifetimes (∼100 ns), an siginificant loss in
pore number occurs during the pulse. Given the large number of EP applications that apply such fields,
this phenomenon may be crucial to post-pulse response of cell membrane to such fields.
1 Introduction
Lipid bilayers that constitute cell membranes maintain ionic and moelcular concentration gradient across
the membranes. Electroporation (EP), a non-thermal response of lipidic membranes to an electric field
pulse, compromise the barrier to transmembrane transport of ions and membranes. The highly nonlinear
and hysteretic phenomenon of the standard EP model results from the creation, evolution and destruction
of membrane pores [1, 2, 3, 4, 5, 6]. Typical EP fields range in amplitude from a few hundred V/cm to
hundreds of kV/cm and in duration from a few nanoseconds to hundreds of milliseconds [7].
Cell EP is already well established in medicine [8], specificially in applications such as in vitro and in vivo
gene transfection [9], delivery of bioactive molecules by EP [10], and analysis of intracellular contents and
delivery of small molecules by microfluidic EP [11]. In addition, four distinct methods of tissue ablation
based on EP are being pursued, viz., electrochemotherapy (ECT) [12, 13], irreversible electroporation
(IRE) [14], calcium-EP [15] and EP by nanosecond pulsed electric field (nsPEF) pulses [16, 17]. Recently,
an emerging application based on bipolar cancellation of cellular responses to nanoelectroporation has
gained attention [18, 19].
All aspects of pore dynamics are governed by the transmembrane voltage-dependent pore energy or
landscape, W(rp,Um). Pore creation and destruction are described by two absolute rate equations that
depend on the pore energy landscape [4, 20]. Pores created with radius rp < r∗ are considered short-lived,
and hydrophobic. These pores are rapidly destroyed by thermal fluctuations in the membrane [21]. Pore
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expansion and contraction are modeled by the Smoluchowski equation that incorporate the pore energy
landscape. Cell membrane EP models determine the EP dynamics using the free energy cost of creating
membrane pores of a particular pore radius. This energy, W , is reduced by an elevated transmembrane
voltage.
EP experiments report pore lifetimes (τp) ranging from ∼100 ns to ∼1,000 s. Traditionally these are
based on measurements of post-pulse membrane recovery, usually termed “resealing” [22]. Some com-
plex events may occur as TPs and CPs are simultaneously formed, with molecules and molecular seg-
ments drawn into CPs as they form [23]. Such structures may be fleeting, but may contribute to solute
rectification, with net transport persisting long afterwards. Molecular dynamics (MD) models of traditional
lipidic pores have lifetimes, τp, of order 100 ns [24, 25]. A longer τp lifetime estimate is 0.02 s, based on
recovery between pulses in a pulse train [26]. Modeling of calcein uptake by prostate cancer cells [27]
determines a lifetime of ∼4 s [4]. Another experiment [28] shows a long-lasting membrane permeability
with a post-pulse recovery of PM extending to ≈ 180 s. In addition, other experiments [29, 30] show a
delayed uptake of propidium over ∼300 s after the pulse. Recently, we hypothesized that complex pores
in membrane lead to a broad distribution of pore lifetimes [22, 23]. Here, we look at the EP response of a
cell membrane model for two pore lifetimes that differ by several orders of magnitude.
2 Methods
2.1 Pore energy
The dynamic behavior of pores is determined by the pore energy landscape [4]. The transmembrane
voltage-dependent pore energy, W, defines the creation, expansion, contraction and destruction of pores.
Pore energy is the sum of mechanical and electrical energy
W (rp,∆φm) = Wmech(rp) +Welec(rp,∆φm),
where
Wmech(rp) = B
(
r∗
rp
)b
+ C + 2piγrp − Γpir2p
Welec(rp,∆φm) = −Fmax
(
rp + rh ln
(
rt + rh
rp + rt + rh
))
(∆φm)
2
The mechanical energy results from three contributions: steric repulsion energy, edge energy, and surface
interfacial energy. The elctrical energy is energy from electrical force on expanding force.
The resealing time constant τp is approximately related to the energy barrier to pore destruction Wd by [4]
τp ≈ (rm − r∗)
2
Dp
(
Wd
kT
)− 3
2
eWd/kT
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The equation above is solved numerically to find the value of the pore destruction barrier Wd that results
in approximately the desired resealing time constant τp. The algorithm adjusts the value of Wd until the
resulting τp is equal to the desired value.
Pore energy landscape shows the behavior of pore energy as a function of pore radius for different trans-
membrane voltages. Different energy landscapes (Fig. 1) were generated with mostly identifical param-
eters for pore lifetimes of 100 ns and 4 s. The only parameter that was changed was the pore radius at
which the pore energy minimum is located.
2.2 Cell model
We use a meshed cell membrane model [31, 4] to simulate the dependence of pore lifetime on the re-
sponse of the model to different applied fields. The model includes transmembrane voltage-driven pore
creation, and stochastic pore destruction in a typical mammalian cell plasma membrane (PM). We employ
a dynamic local model of EP based on a meshed transport network system model [31, 32, 33] consisting
of a cylindrical cell membrane, intracellular and extracellular solutions, and idealized electrodes at the
boundaries of the system model [31, 4] (Fig. 2). The plasma membrane (PM) is 5µm in radius, 13.3µm in
length, and 4 nm thickness [see Fig. 2(a)].
Cell EP involves spatially distributed, highly nonlinear and hysteretic interactions throughout the system
model, and can only be solved computationally [34, 1, 32, 35, 2, 36]. Features of the present model
[31, 4] include mesh creation for a 150 node-pair plasma membrane and 9267 nodes for the intra- and
extracellular aqueous electrolytes, with charge transport and storage between mesh nodes [see Fig. 1(b)-
(c)]. We also include a -50 mV resting potential source for each membrane site, which is shunted by
increased membrane conductance due to pores.
The model geometry, meshing, and electroporation parameters are identical to the model used in recent
work examining the dynamic pore population response to a range of electroporating pulses [31, 4]. One
important feature is a realistic and non-trivial computation of rapidly changing membrane conductance.
This is complicated because of non-linear individual pore conductance arising from both pore size and
local transmembrane voltage, ∆φm(t) [34, 1, 4, 31].
2.3 Applied field
Three different electric field pulses are employed (Fig. 3). These are a 13.3 kV/cm, 60 ns experimental
nsPEF pulse [30], an idealized 1.5 kV/cm, 100 µs trapezoidal pulse with 1 µs rise and fall times, and a 0.8
kV/cm, 100 ms trapezoidal pulse with 1 µs rise and fall times [37]. Model parameters are listed in Table 1.
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3 Results
3.1 Transmembrane voltage response
The transmembrane voltage response shows different behavior during the pulse for the three different
field pulses (Fig. 4). The large magnitude (13.3 kV/cm) nsPEF pulse creates a large number of pores
in the membrane causing a high conductance shunt in the membrane. This leads to the reduction of
transmembrane voltage to ∼0.5 V (Fig. 4 left) for the rest of the pulse (reversible electrical breakdown;
REB). Following the pulse, the transmembrane voltage decreases nearly to zero. The REB behavior is
also seen with the 1.5 kV/cm conventional EP pulse (Fig. 4 middle). However, the amplitude of the long
pulse (0.8 kV/cm) is not sufficiently large to create a large number of pores. Consequently, this pulse does
not exhibit REB (Fig. 4 right).
3.2 Total pore number
The most interesting result is the decline in pore number, N(t), during the pulse for short pore lifetimes
(100 ns; Fig. 5, top row). When the field amplitude is large enough to create over 1,000 pores, the
membrane conductance increases by several orders of magnitude causing the transmembrane voltage to
drop during the pulse (REB). This prevents the pores from expanding and given the short pore lifetime, a
fraction of existing pores disappear during the pulse. This phenomenon is striking for a 1.5 kV/cm, 100
µs pulse (Fig. 5, top middle). This effect is also seen for a nsPEF pulse (Fig. 5, top left) although not as
pronounced as that seen with a conventional pulse. However, when the field strength is not large enough
to create a REB, as in the 0.8 kV/cm, 100 ms pulse, many fewer pores are created and the conductance
is not large enough to cause a decline in pore number (Fig. 5, top right).
The decline in pore number is, however, not seen when the pore lifetime is 4 s (Fig. 5, bottom row). The
pore lifetime in this case is much longer than the pulse duration ensuring that the pores created at the
onset of the pulse do not decay before the pulse ends. The maximum number of pores is nearly the same
for both pore lifetimes for a given field pulse.
3.3 Pore dynamics
Evolution of pore distribution for different field pulses and the two pore lifetimes are shown in Figs. 6-8.
A short duration, large amplitude (nsPEF; 13.3 kV/cm, 60 ns) pulse creates a large number of pores
(Fig. 6). However, the short duration of the pulse precludes the pores from expanding much during the
pulse. At the onset of the pulse (Fig. 6 left), there is a slight asymmetry between anodic (top panel) and
cathodic (bottom panel) sides because of the resting transmebrane voltage (-50 mV). Most of the pores
remain close to 0.7 nm in radius. In the case of 100 ns pore lifetime (Fig. 6, top row), most of the pores
disappear shortly after the pulse ends, the number of pores decreases from nearly 400,000 at the end of
the pulse to 100 within 1 µs (Fig. 6, top center left and top center right). By 1 s, the pore distribution relax
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to a thermalized distribution (Fig. 6, top right). In contrast, when the pore lifetime is 4 s, most pores remain
in the membrane even at 1 s after the pulse ends (Fig. 6, bottom right). In the 4 s case, the number of
pores decreases from 400,000 at the end of the pulse to nearly 300,000 at 1 s post-pulse.
In the case of a conventional EP pulse (1.5 kV/cm, 100 µs trapezoidal pulse), the total number of pores
is much smaller smaller than from a nsPEF pulse. However, the pores begin to expand even as early as
1 µs into the pulse. Most pores expand to 12 nm (maximum pore size in the model) thus increasing the
membrane conductance and preventing new pores being created (Fig. 7, top left and top center left) in
the case of 100 ns pore lifetime. Once the pulse ends, the pores relax back toward the minimum pore
radius. By 1 s after the pulse, the pore distribution has relaxed to a thermal distribution in the case of a
100 ns pore lifetime (Fig. 7, top right). When the pore lifetime is increased to 4 s, pore creation competes
with pore expansion leading to nearly equal number of pores at rmin and rmax. Following the pulse, the
number of pores relaxes much more slowly (with a time constant of 4 s). As seen in Fig. 7, bottom right,
over 600 pores still remain 1 s post-pulse on both anodic and cathodic sides.
A much longer, but lower amplitude pulse (100 ms, 0.8 kV/cm) creates even less number of pores in
the membrane (Fig. 8). But, all the pore expand to the maximum pore radius by the end of the pulse
(Fig. 8, top center left). Once the pulse ends, the pore distribution begins to contract toward a thermalized
distribution. By 1 s post pulse, only the minimum-sized pores remain in the membrane (Fig. 8, right) for
both 100 ns and 4 s pore lifetimes. However, most of the pores have vanished in the short pore lifetime
cases while a significant number of pores remain in the case of 4 s pore lifetime.
4 Discussion
Pore lifetime is a basic measure of pore destruction. It is often determined from exponentially decaying
membrane conductance or permeability. The traditional view of a single pore lifetime does not adequately
represent the complex behavior of a cell membrane response during and after an electric field is applied.
The dynamics of membrane response to such fields is complicated by the presence of a number of
biological molecules in different conformational states and binding affinities.
Our results suggest that a fraction of the pores with very short lifetimes (shorter than the pulse duration)
may disappear during the pulse if their numbers are large enough to cause a reverisble electrical break-
down (REB) of the membrane. However, if the pulse is not sufficiently large, it may create fewer pores
that expand during the pulse without causing an overall decrease in the pore number. These differences
in post-pulse pore distribution (size and number) may lead to significant differences in the transmembrane
transport of various size molecules. This has a broad impact on many EP applications that employ fields
that span several orders of magnitude in duration and strength.
The long EP pulse (0.8 kV/cm, 100 ms) shows a steady decline in transmembrane voltage during the
pulse. Unlike most optical measurements, electrical response of the cell membrane during the pulse could
be measured with sufficient time resolution to investigate the decline in transmembrane voltage during the
pulse. A long, low amplitude pulse does not create a large number of pores, but as the pores expand,
the membrane conductance increases leading to a decrease in transmembrane voltage. This behavior
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could be verified using field pulses in the range of a few hundred kV/cm and durations of hundreds of
milliseconds.
Recent experiments using optical single-channel recording provide insight into EP dynamics [38, 39].
These experiments confirm that EP behavior is not characterized by a single dynamic but by a range
of fluctuation kinetics. In addition, the experiments determine the energy barrier to pore opening to be
around 25 kT.
Pore energy landscapes with different pore lifetimes help in exploring the response of membrane at differ-
ent time scales, during, immediatley after the pulse and long after the pulse. These descriptions are par-
ticularly useful in explaining experiments that demonstrate post-pulse membrane transport for hundreds
of seconds to several minutes. In addition, the pore energy landsacpes may also assist in understanding
the phenomenon of bipolar cancellation that has been reported in different cell types [18, 19].
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Figure 1: Pore energy landscapes. The pore energy landscape is shown for two different pore lifetimes
(100 ns; left) and (4 s; right) at different transmembrane voltages. As the pore lifetime increases, the
energy barrier for pore destruction, ∆W, increases reducing the probability of overcoming the energy
barrier. The energy barrier for destruction is 5 kT for 100 ns pore life time and 21 kT for 4 s pore lifetime.
For transmembrane voltages above 0.75 V, the landscape favors pore expansion. However, a dramatic
increase in membrane conductance (initiated by pore creation) limits the transmembrane voltage to less
than 0.6 V.
(a) (b) (c)
Figure 2: Simulation geometry. The 200 200 µm× 200 µm system model contains a 5 µm radius cylin-
drical cell. The meshed transport network cell model [REFs Smith Thesis 2011] is represented by 150
membrane node-pairs that describe local transmembrane voltage, pore distribution, hindrancce, partition-
ing of solutes and ions into the pores, and molecular transport. The 4-nm thick membrane has a resting
potential of -50 mV. The field is applied between the top and bottom set of nodes of the simulation box.
Each of the local areas associated with a transmembrane node-pair is regarded as a very small planar
membrane patch endowed with a resting potential source and a complete dynamic EP model.
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(a) (b) (c)
Figure 3: Applied field pulse. Three electric field pulses are considered: (a) conventional EP pulse (1.5
kV/cm, (b) 100 µs idealized trapezoidal pulse with 1 µs rise and fall times) and (c) a nsPEF experimental
pulse (13.3 kV/cm, 60 ns) [30]. The cell model of Fig. 1 are subject to these two field pulses. The local
distribution of transmembrane voltage, membrane conductance and pore distribution are dependent on
each other. The coupled system is solved in Matlab (Mathworks, Natick, MA).
(a) (b) (c)
Figure 4: Transmembrane voltage response. Both nsPEF (a) and conventional EP pulses (b) cause
reversible electrical breakdown (REB) leading to a Um plateau of 0.5 V. However, the 100 ms pulse (c)
does not exhibit REB, but show a decline in transmembrane voltage during the pulse. The response is
identical for all three pore lifetimes for each pulse as the pore lifetime primarily affects the destruction of
pores after the pulse.
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(a) (b) (c)
(d) (e) (f)
Figure 5: Pore number response. Top row shows the pore number response during the pulse for 100 ns
pore lifetime and the bottom row shows the response for a 4 s pore lifetime. Response is shown for three
pulses: 13.3 kV/cm, 60 ns nsPEF pulse [(a),(d)], 1.5 kV/cm, 100 µs conventional EP pulse [(b), (e)], and
a 0.8 kV/cm, 100 ms long EP pulse [(c), (f)]. Although the nsPEF pulse is short, pore loss begins during
the pulse for 100 ns pore lifetime (a). However, for a conventional pulse, there is a significant decrease in
the number of pores even during the pulse. (b). For the long pulse, the pore numbers are small because
the applied field is low (0.8 kV/cm) and the pore number does not decline during the pulse (c). For a 4
spore lifetime, the pore number does not decline during the pulse (d-f). Because a nsPEF pulse leads to
supra-EP, the number of pores is two orders of magnitude bigger than that for a conventional pulse (d,e).
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 6: Pore histogram for the nsPEF (13.3 kV/cm, 60 ns) pulse. Pore histograms are shown at the
start of pulse (a, e, 10 ns), end of pulse (b, f, 60 ns), shortly after the pulse (c, g, 1 mus), and long after
the pulse (d, h, 1 s) for 100 ns pore lifetime (top row) and 4 s pore lifetime (bottom row). Because of the
large amplitude of the applied field, a large numbmer of pores are created. However, the pores do not
have sufficient time to expand during the short pulse.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 7: Pore histogram for the conventional EP (1.5 kV/cm, 100 µs) pulse. Pore histograms are
shown at the start of pulse (a, e, 1 µs), end of pulse (b, f, 99 µs), shortly after the pulse (c, g, 101 µs),
and long after the pulse (d, h, 1 s) for 100 ns pore lifetime (top row) and 4 s pore lifetime (bottom row).
The conventional pulses last long enough to expand the pores to 12 nm. But, these pores begin to shrink
within 1 µs after the pulse ends. For the short pore lifetime, most pores disappear by 1 s. However, for
longer pore lifetimes, a significant number of minimum-sized pores persist long after the pulse.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 8: Pore histogram for the long (0.8 kV/cm, 100 ms) pulse. Pore histograms are shown at the
start of pulse (a, e, 1 µs), end of pulse (b, f, 99 ms), shortly after the pulse (c, g, 100.001 ms), and
long after the pulse (d, h, 1 s) for 100 ns pore lifetime (top row) and 4 s pore lifetime (bottom row). The
conventional pulses last long enough to expand the pores to 12 nm. But, these pores begin to shrink
within 1 µs after the pulse ends. For the short pore lifetime, most pores disappear by 1 s. However, for
longer pore lifetimes, a significant number of minimum-sized pores persist long after the pulse.
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Symbol Description Value
r∗ Pore radius at local energy maximum 0.65 nm
B Steric repulsion constant 1.26×10−19 J
b Steric repulsion constant 8.65
C Steric repulsion constant -2.21×10−20 J
γ Pore line tension 2×10−11 J/m
Γ Membrane tension 1×10−5 J/m2
Fmax Membrane electric force for ∆φm=1 V 6.9×10−10 N/V2
rh Electric force constant 0.95 nm
rt Electric force constant 0.23 nm
Table 1: Simulation parameters
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